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Abstract 


Four kinds of Fe-Cr based alloys were investigated in this paper. The thermal expansion coefficients of the four samples at 900 °C were between 
11 and 13 x 10-°cmcm™! K~!. The coefficient of sample Fe-Cr-4 was close to that of yttrium stabled zirconia (YSZ). Compared with traditional 
alloys, the new type of Fe—Cr based alloys had decreased thermal expansion coefficients. With the increase of oxidation time, the weight gains of 
Fe-Cr-1 and -4 tended to be stable. The oxide scale of 3Cr.03-Fe,O3 formed on the surface of Fe-Cr-1 and -4 was inactive and helpful to restrain 
the samples from internal oxidation. But the FeCr 0O, and Cr; 3Feo.703 formed on the surface of Fe-Cr-2 and -3 had no such effective restraint 
mechanism. Fe-Cr-1 and -4 exhibited better oxidation resistance than Fe-Cr-2 and -3. 


© 2006 Elsevier B.V. All rights reserved. 


PACS: 81.05.Bx; 82.47.Ed 


Keywords: SOFC; Interconnect; Fe—Cr alloys; Thermal expansion properties; Oxidation resistance properties 


1. Introduction 


As a new type of power generating system, solid oxide 
fuel cell (SOFC) attracts more attention [1-7]. Interconnects 
in SOFCs provide the electrical contact between the anodes and 
cathodes of adjacent cells as well as separation of the air and 
fuel supplies. Accordingly, interconnects must be good elec- 
tronic conductors (with thermal expansion properties matched 
to YSZ electrolyte and the electrodes materials) and must also 
retain good contact in both oxidizing and reducing atmospheres. 
Thus, interconnects must seal, be refractory and have good oxi- 
dation resistance and electrical conductivity. 

Ceramic interconnects like La;_,(Sr,Ca),CrO3 have been 
used in traditional SOFCs [8-12]. However, they are difficult 
to fabricate and use on a large scale. The traditional metallic 
interconnects like stainless steel (i.e. Crofer22 APU, SUS430, 
XIOCrA118 and ZMG232) [13,14] or Inconel heat-resistant 
alloys (i.e. Incone1600, Incone1601, Incone1625, Incone1657, 
Incone1718, Ni20Cr and Hastelloy X), though mechanically 
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advantageous, not only deform due to their high thermal expan- 
sion coefficients at high temperatures, but also have greater 
electrical resistance caused by the oxide scales on their surfaces 
[15]. 

Therefore, it is required to develop a new type of alloy 
with properties of oxidation resistance, high-temperature elec- 
trical conductivity, high temperature resistance and ther- 
mal expansion coefficients matched to the YSZ electrolyte 
(10-12 x 1076 cmem7! K7!) so as to extend life-span. 


2. Experimental 


The studied materials were Fe—Cr based alloys containing a 
small amount of microelements (such as Ni, Al, Si and Zr) and 
with limited amounts of C, P and S. The prepared compositions 
are listed in the Table 1 [16]. Fe—Cr based alloys were prepared 
by the following process. By conventional melting techniques, 
the theoretically designed compositions were melted and molded 
into ingots. After forging and rolling, the alloys were sectioned 
according to the required size and shape. The thermal expansion 
properties of the alloys were measured using a Netzsch Dil402C 
Thermal Analyzer. The behavior of electrical conductivity at 
different temperatures was observed by a four-probe method 
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Table 1 

Composition of Fe—Cr alloys 

No. Cr Si Al Zr Ni Cc P S 

1 20 0.42 0.24 0.24 0.29 0.026 0.012 0.002 
2 22 0.4 0.25 0.45 0.15 0.03 0.02 0.005 
2 25 0.8 0.5 0.24 03 0.03 0.02 0.005 
4 18 0.2 0.1 0.12 0.5 0.03 0.02 0.005 


under a N2 protective atmosphere. High-temperature oxidation 
resistance properties were tested in a muffle furnace; the sam- 
ples were exposed at 1000°C for about 10h and then cooled to 
room temperature along with the protection of N2 (for about 2 h). 
The samples were then exposed to air at room temperature for 
one night about 12h. A photoelectric analytical balance (accu- 
racy 0.01 mg) was used to weigh the samples’ qualities. The 
above process was operated cyclically. The oxidized samples 
were investigated by the use of an X-ray diffractometer (XRD) 
and a JSM-5800 scanning electron microscope (SEM) was also 
employed to observe the surface morphology of the oxide scale. 


3. Results and discussion 
3.1. Thermal expansion properties 


Fig. 1 shows the thermal expansion coefficients of the 
alloys studied. At 900°C, the thermal expansion coefficient of 
YSZ was 9.945 x 1076 cm cm~! K7! while of the four samples 
were between 11 and 13 x 10-°cmcm7! K~!. Close to YSZ, 
the coefficient of Fe-Cr-4 was 11.57 x 1076 cmcm™! K7!. 
Compared with traditional alloys (The thermal expansion 
coefficients of Inconel heat-resistant alloys are bigger than 
15 x 1076 cm cm~! K~!) [17-25], so the new type Fe—Cr based 
alloys had decreased thermal expansion coefficients. 

Thermal stress exists across the interface of the two materials 
with different thermal expansion properties, such as YSZ and 
Fe-Cr based alloys, due to their inconsistent shrinkage during 
cooling. The stress has a direct ratio to the differences in the 
thermal expansion coefficients between YSZ and Fe—Cr based 
alloys. 

According to Table 2, it is clear that around 500-1000 °C, 
the differences of the thermal expansion coefficients (Aq) 
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Fig. 1. Comparison of thermal expansion properties between Fe—Cr alloys and 
YSZ electrolyte. 


between YSZ and Fe-Cr based alloys are in the range of 
1.1-3.2 x 1076 cmcm™! K~! and the Aa range is narrower 
than that of traditional alloys with the increase of temperature. 
Besides, the interfacial thermal stress is also decreasing and 
accordingly the unmatched thermal expansion could be effec- 
tively improved. 

Small amounts of microelements are helpful to improve the 
electrical conductivity, heat-resistance and oxidation resistance 
of the alloys. During the preparation of the materials studied, 
good heat-resistance and thermal expansion properties depended 
mainly on Cr and limited amount of Ni (inferior in oxidation 
resistance). The optimized amount of Cr in this experiment is 
w(Cr) 18-25% and that of Ni is w(Ni) 0.1-1%. 


3.2. Oxidation resistance properties at high temperatures 


Weight gain/loss is usually the measurement of the oxida- 
tion resistance of heat-resistant alloys. After being oxidized for 
certain time (f) at certain temperature (1000 °C this experiment), 
with the protection of N2, the samples are cooled to room temper- 
ature along with the furnace cooling. Then the weight of samples 
are measured and the unit-area weight gain can be calculated by 
the following function: 


W, = Wo 
S 


In this function, Wọ, W; and S, respectively, represent the initial 
weight, oxidized weight after oxidation for (t) hours and the 
initial surface areas of the samples. 

Weight gain curves of four Fe—Cr alloys after oxidation at 
1000 °C for 227 h are given in Fig. 2a, which indicates that Fe- 
Cr-3 displayed higher weight-gain trends than the other three and 
exhibits poor oxidation resistance. After oxidation at 1000 °C for 
227 h, the weight gain of Fe-Cr-3 was 0.0022 gcm~?, whereas 
that of Fe-Cr-1 was only 0.0011 gem7?. 

Fig. 2b plots the weight gain curves of these four Fe—Cr 
alloys after 1-year oxidation in air at room temperature and 
then 228h of exposure at 1000°C. The weight gains of Fe- 
Cr-1 and -4 after cyclic oxidation for 455h at 1000°C were 
approximately 0.0002 gcm~?, while that of Fe-Cr-3 was still 
above 0.0005 gcm™? (Fig. 2b). In Fig. 2a and b, the weight 
gain-oxidation time curves of the alloys exhibit certain curvilin- 
ear characters: with the increase of oxidation time, the weight 
gains of Fe-Cr-1 and -4 tended to be stable. 

According to the principles of gas/solid phase reaction kinet- 
ics, the alloy oxidation reaction processes are: O2 (gas phase) 
diffuses through gas-phase boundary to the surface of oxide then 
through the oxide scale to the reaction interface; the oxidations 
are formed on the reaction interface. In the early oxidation stage, 
the whole reaction speed is mainly controlled by the reaction 
speed at the interface, since the oxide scale is very thin. In the 
final stages, it is mainly controlled by diffusion because the O2 
diffusion path widens with the increasing thickness of the scale. 
While in the middle stage, O2 diffuses to the interface either 
through the scale or directly through the oxide scale pores and 
cracks, so that both the reaction and diffusion speed dominate 
the oxidation speed. 


y(t) = 
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Table 2 
Thermal expansion coefficient differences of Fe—Cr alloys and YSZ electrolyte at different temperatures 
500°C 600°C 700°C 800°C 900 °C 1000°C 
Thermal expansion coefficient, 9.206 9.425 9.618 9.792 9.945 10.11 
a (x 107° cmem7! K7!) 
The difference of thermal expansion coefficient, Aw (x 1076 cm cm~! K7!) 
Fe-Cr-1 2.478 2.361 2.402 2.553 2.797 2.974 
Fe-Cr-2 2.506 2.296 2.122 2.468 2.883 3.220 
Fe-Cr-3 2.469 2.356 2.391 2.517 2.688 2.787 
Fe-Cr-4 1.615 1.512 1.396 1.130 1.624 2.134 
The oxidation mechanism of Fe—Cr alloys is rather com- Table 3 


plicated as shown in the above analysis. Its major reaction is 
the oxidation weight gain of Fe and Cr. The dynamic process 
of oxidation reaction can be expressed by oxidation functions 
(Tables 3 and 4) which are obtained from Fig. 2a and b by curve 
fitting method. Thereinto, y and f, respectively, represent oxida- 
tion weight gain and oxidation time. 

The XRD patterns of four alloys (Fe-Cr- 1—4) in different oxi- 
dation conditions are illustrated in Figs. 3-7. The main products 
obtained were 3Cr203-Fe203 and Cr203-3Fe203 after Fe-Cr-1 
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Fig. 2. Weight gain curves of Fe-Cr alloys: (a) oxidized for 227h at 1000°C 
and (b) oxidized 1 year in air, then oxidized for 228 h at 1000°C. 


Oxidation functions of Fe—Cr alloys oxidized for 227 h at 1000 °C 


Sample Weight gain (y)—oxidation time (f) 
Fe-Cr-1 In[(0.00095 — y)/0.00092] = —0.03601t 
Fe-Cr-2 In[(0.00143 — y)/0.00133] = —0.01080r 
Fe-Cr-3 In[(0.00237 — y)/0.00217] = —0.0097 It 
Fe-Cr-4 In[(0.00124 — y)/0.00101] = —0.01733t 
Table 4 


Oxidation functions of Fe—Cr alloys oxidized for 228 h at 1000 °C oxidation for 
227h then 1-year oxidation in air 


Sample Weight gain (y)—oxidation time (£) 

Fe-Cr-1 In[(0.00027 — y)/0.00029] = —0.01242t 
Fe-Cr-2 In[(0.00064 — y)/0.00061] = —0.00263t 
Fe-Cr-3 In[(0.00178 — y)/0.00177] = —0.00158¢ 
Fe-Cr-4 In[(0.00020 — y)/0.00021] = —0.0491 5t 


was oxidized for 20h at 1000°C. After 227h, the oxide con- 
sisted of 3Cr203-Fe2O3 and a small amount of Cr203-3Fe203 
(Fig. 3). 

The major phases of Fe-Cr-2 were 3Cr203-Fe203 and 
Cr1.36Feo.s2 after oxidation of 20h at 1000°C and only 
2Cr203-Fe203 was left after oxidation of 227h as shown in 
Fig. 4. 
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Fig. 3. X-ray diffraction patterns of sample Fe-Cr-1: (1#) raw sample, (2#) 
polished sample, (3#) sample calcined for 227h at 1000°C, and (4#) sample 
calcined for 20h at 1000 °C. 
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Fig. 4. X-ray diffraction patterns of sample Fe-Cr-2: (1#) raw sample, (2#) 
polished sample, (3#) sample calcined for 227h at 1000°C, and (4#) sample 
calcined for 20h at 1000 °C. 
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Fig. 5. X-ray diffraction patterns of sample Fe-Cr-3: (1#) raw sample, (2#) 
polished sample, and (3#) sample calcined for 227 h at 1000 °C. 


After 227 h of exposure at 1000 °C, the main product of Fe- 
Cr-3 was 1.857Cr203-Fe203 (Fig. 5) while 3Cr203-Fe203 was 
obtained from Fe-Cr-4 in the same oxidation condition (Fig. 6). 

Fig. 7 clearly shows the different surface phase changes of 
the four sample alloys after oxidation of 227 h at 1000°C then 
1-year of oxidation in air and oxidation of 228 h at 1000 °C. 
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Fig. 6. X-ray diffraction patterns of sample Fe-Cr-4: (1#) raw sample, (2#) 
polished sample, and (3#) sample calcined for 227 h at 1000 °C. 
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Fig. 7. X-ray diffraction patterns of sample Fe—Cr alloys. 


3Cr203-Fe203 was the main product of Fe-Cr-1 and -4. 
3Cr203-Fe2O3 and FeCr204 were obtained from Fe-Cr-2. The 
main product of Fe-Cr-3, different from the other three, was 
found to be Cr;.3Feo.703. 


3.3. Surface morphology 


Fig. 8 shows the surface morphology of oxide scale on Fe—Cr 
alloys after cyclic oxidation for 455 h at 1000 °C. The surface of 
Fe-Cr-1 was covered with a compact oxide scale consisting of 
small grains of about 1—2 um in size and big nodules of about 
20 pm in size (Fig. 8a). However, the size of the grains in the 
big nodules cannot be estimated because they were joined or 
agglomerated. Grains of about 2—4 um in size were distributed 
evenly on the compact oxide scale of Fe-Cr-4, and small grains 
of about 0.5-1 um, filling in the gaps among the bigger ones, 
were observed (Fig. 8d). 

Due to the loose and incompact oxide scale, obvious cracks 
and pores were distinguished on Fe-Cr-2 and -3 (Fig. 8b and c). 
On the oxide scale of Fe-Cr-2, some cracks stretched to 100 um 
and the width of some pores exceeded 2 wm. After longer oxi- 
dation times, the outer part of the scale easily peeled off during 
cooling. 

From the above SEM analysis, it can be concluded that at the 
beginning of oxidation, a discontinuous Cr203 scale was formed 
but could not protect the alloy from internal oxidation. At the 
same time, Fe became enriched and diffused outwards which 
caused the formation and rapid growth of Fe203. Blocked by 
Cr203, Fe2O3 nucleated and grew at the discontinuous areas 
such as the incompact Cr203 scale or its micro-defective areas, 
leading to some bulges and pores. Then, with the outwards dif- 
fusion of Cr, a 3Cr203-Fe2O3, scale was developed. 

The outer scale was easy to peel off and decomposed during 
further oxidation. The decomposed product oxygen may diffuse 
to the oxidation/alloy interface through the cracks and pores in 
the oxide scale, which led to the formation of an inner oxide 
scale. That is, the outward diffusion of metallic ions dominated 
the development of the outer and middle oxide scales, whereas 
the inner oxide scale was caused by the inward diffusion of oxy- 
gen ions. The Cr in Fe-Cr-1, -4 diffused outwards and brought 
about the formation of stable 3Cr203-Fe203 phase; it also filled 
the gaps with Cr2O3-rich scales in areas without Fe203, which 
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Fig. 8. Micrograph of oxidized scale of Fe—Cr alloys (SEM): (a) Fe-Cr-1, (b) Fe-Cr-2, (c) Fe-Cr-3, and (d) Fe-Cr-4. 


blocked the inward diffusion of oxygen and restrained the forma- 
tion of oxide scale. Thus, Fe-Cr-1 and -4 exhibit better oxidation 
resistance. As to Fe-Cr-2 and -3, their poor oxidation resis- 
tance might be related to the additional microelements which 
obstructed the outward diffusion of Cr and hindered the forma- 
tion of compact and stable 3Cr203-Fe203. Further research is 
needed on the effect of the additional microelements to high 
temperature oxidation. 

In the initial oxidation stage, the proportion of Cr and Fe in the 
oxide scale was similar to that in the alloys; after longer oxidation 
times, Cr continuously diffused and agglomerated towards the 
scale surface, then part of it directly oxidized with O and partly 
substituted the Fe in Fe203. This conclusion could be clearly 
proven by the XRD patterns from Figs. 5-8 which plotted the 
increase of 3Cr203-Fe203 and decrease of Cr203-3Fe203. 


4. Conclusions 


At 900 °C, the thermal expansion coefficients of the four sam- 
ples studied were between 11 and 13 x 1076 cm cm7! K~!. The 
coefficient of sample Fe-Cr-4 was closest to that of yttrium sta- 
bilized zirconia (YSZ). Compared with traditional alloys, the 
new type Fe—Cr based alloys had decreased thermal expansion 
coefficients. 

The weight gain/oxidation time curves of the alloys exhib- 
ited certain curvilinear characteristics: with increase of oxidation 
time, the weight gains of Fe-Cr-1 and -4 tended to be stable. Stud- 


ies of the oxidation resistance of Fe—Cr based alloys showed sig- 
nificant differences. The oxide scale of 3Cr203-Fe2O3 formed 
on the surface of Fe-Cr-1 and -4 was inactive and helpful in 
restraining internal oxidation. But the FeCr204 and Cr} 3Fe0.703 
formed on the surface of Fe-Cr-2 and -3 had no such effective 
restraint on internal oxidation. Fe-Cr-1 and -4 exhibited much 
better oxidation resistance than Fe-Cr-2 and -3. 
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